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PREFACE 


This  report  discusses  results  of  a  review  of  the  open  literature  con¬ 
ducted  at  the  Environmental  Laboratory  (EL),  U.  S.  Army  Engineer  Waterways 
Experiment  Station  (WES),  Vicksburg,  Mississippi,  during  the  period  from 
February  1982  to  May  1983.  The  review  was  conducted  as  part  of  the  Long-Term 
Effects  of  Dredging  Operations  (LEDO)  Program,  which  is  sponsored  by  the 
Office,  Chief  of  Engineers  (OCE),  U.  S.  Army.  This  report  represents  the 
initial  document  produced  under  Work  Unit  31773,  Environmental  Interpretation 
of  Consequences  from  Bioaccumulation  of  the  LEDO  program. 

Section  103  of  Public  Law  92-532  (Marine  Protection,  Research,  and  Sanc¬ 
tuaries  Act  of  1973)  and  Section  404  of  Public  Law  92-500  (Federal  Water  Pol¬ 
lution  Control  Act  of  1972)  require,  among  other  things,  that  certain  ecologi¬ 
cal  evaluations  be  made  prior  to  disposal  of  dredged  materials  in  marine  or 
freshwater  environments.  As  part  of  these  evaluations,  an  estimation  of  the 

potential  for  bioaccumulation  of  environmental  contaminants  is  often  carried 

£ 

out.  At  present  there  is  insufficient  interpretive  guidance  with  which  to 

i 

construe  the1 results  of  bioaccumulation  tests  in  terms  of  the  potential 
adverse  or  unacceptable  environmental  impact. 

Work  Unit  31773  was  designed,  in  part,  to  help  provide  that  interpretive 
guidance.  This  report  is  a  review  of  papers  in  the  open  literature  dealing 
with  the  sublethal  biological  effects  of  aquatic  organisms  contaminated  with 
environmental  pollutants.  This  review  was  designed  to  provide  an  initial 
source  of  literature  and  to  help  guide  future  research  conducted  under  this 
LEDO  work  unit. 

The  review  was  conducted  by  Dr.  T.  M.  Dillon  of  the  Ecosystems  Research 
and  Simulation  Division  (ERSD) ,  EL.  The  work  was  performed  under  the  general 
supervision  of  Dr.  R.  K.  Peddicord,  Team  Leader,  Biological  Evaluation  and 
Criteria  Team,  EL,  and  Dr.  R.  M.  Engler,  Group  Leader,  ERSD,  EL.  The  Chief 
of  ERSD  was  Mr.  D.  L.  Robey  and  Chief  of  EL  was  Dr.  John  Harrison.  LEDO  is 
managed  within  EL's  Environmental  Effects  of  Dredging  Programs,  Mr.  C.  C. 
Calhoun,  Jr.,  Manager,  and  Mr.  R.-  L.  Lazor,  LEDO  Coordinator.  The  Technical 
Monitors  were  Dr.  John  Hall,  Dr.  William  L.  Klesch,  and  Mr.  Charles  W.  Hummer. 

Commander  and  Director  of  WES  during  the  conduct  of  this  review  was 
COL  Tilford  C.  Creel,  CE.  ^Technical  Director  was  Mr.  F.  R.  Brown. 


This  report  showed  be  cited  as  follows: 
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BIOLOGICAL  CONSEQUENCES  OF  BIOACCUMULATION 
IN  AQUATIC  ANIMALS 


PART  I:  INTRODUCTION 

Background 

1.  Approximately  370  million  m  of  sediments  are  dredged  and  disposed 
of  every  year  in  the  United  States  (Engler  1980).  Approximately  half  of  this 
volume  is  disposed  of  in  open  water.  Because  many  channels  and  harbors  are 
located  near  urban/industrial  areas,  the  sediments  to  be  dredged  are  contam¬ 
inated  with  a  variety  of  environmental  pollutants.  It  is  the  responsibility 
of  the  U.  S.  Army  Corps  of  Engineers  to  ensure  that  these  contaminated  sedi¬ 
ments  are  dredged  and  disposed  of  in  a  manner  which  will  not  result  in  un¬ 
reasonable  degradation  of  or  an  unacceptable  adverse  impact  on  the  aquatic 
environment.  The  two  Federal  laws  by  which  dredging  operations  are  regulated 
are  Section  404  of  the  Federal  Water  Pollution  Control  Act,  as  amended  (PL  92- 
500),  which  deals  with  inland  and  estuarine  activities,  and  Section  103  of 
the  Marine  Protection,  Research,  and  Sanctuaries  Act,  as  amended  (PL  92-532), 
which  regulates  ocean  dumping. 

2.  Both  of  these  laws  require  among  other  things  an  estimation  of  acute 
sediment  toxicity  and  bioaccumulation  potential  in  aquatic  organisms  prior  to 
dredging.  The  former  is  determined  via  short-term  bioassays  while  the  latter 
is  generally  accomplished  by  chemical  analysis  of  the  tissues  of  organisms 
surviving  the  bioassay.  The  laws  and  regulations  also  require  that  an  evalua¬ 
tion  be  made  of  the  environmental  consequences  of  the  observed  bioaccumulation, 
i.e.,  the  biological  and  ecological  effect  of  specific  levels  of  pollutants 

in  the  tissues  of  organisms  exposed  to  contaminated  sediments.  This  toxicity 
and  bioaccumulation  information  is  used  in  assessing  the  potential  for  toxi¬ 
cological  impacts  from  open-water  discharge  of  the  dredged  material  in 
question. 

3.  A  variety  of  investigators  have  reported  that  even  highly  contamined 
sediments  are  often  not  acutely  toxic  to  aquatic  animals  (DiSalvo  et  al.  1977, 
Neff  et  al.  1978,  Shuba  et  al.  1978).  However,  accumulation  of  certain  con¬ 
taminants,  such  as  chlorinated  hydrocarbons,  is  often  observed.  Therefore, 
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in  the  absence  of  acute  toxicity  the  assessment  for  potential  environmental 
impact  must  rely  heavily  on  the  bioaccumulation  data  and  its  interpretation 
in  terms  of  potential  environmental  impact.  Unfortunately,  there  is  little 
generally  accepted  interpretive  guidance  regarding  the  relation  between  spe¬ 
cific  levels  of  tissue  contamination  and  their  biological  impact  (Peddicord 
and  Hansen  1983). 


Purpose 

4.  The  purpose  of  the  literature  review  reported  here  was  threefold. 

One  was  to  survey  the  open  literature  for  papers  reporting  both  the  sublethal 
effects  of  environmental  contaminants  and  the  corresponding  body  burdens  in 
aquatic  animals.  These  papers  were  reviewed  from  a  broad  perspective  in  order 
to  identify  potentially  useful  information  on  the  relationship  between  bioac¬ 
cumulation  and  biological  effect.  It  is  realized  that  this  relationship  is  an 
association  or,  at  best,  a  correlation  between  two  observations.  It  is  net 
intended  nor  should  it  be  construed  to  mean  that  the  relations?. ip  between  ef¬ 
fect  and  tissue  concentration  is  causal.  The  second  purpose  of  the  review 
was  to  identify  those  biological  response  parameters  which  appear  to  offer  the 
most  prouiise  in  providing  sound  scientific  interpretive  guidance  on  the  con¬ 
sequences  of  bioaccumulation.  The  third  purpose  was  to  provide  an  initial 
source  of  literature  for  decisionmakers  who  have  more  site-specific  concerns 
(e.g.,  a  particular  organism  and  a  specific  class  of  contaminants). 

Scope 

5.  A  total  of  2181  papers  were  initially  examined  in  the  course  of  this 
review.  All  dealt  with  the  sublethal  effects  of  environmental  pollutants  on 
aquatic  organisms.  However,  only  131  papers  (6  percent  of  those  examined) 
reported  usable  data  on  the  concentrations  of  contaminants  in  the  tissues  of 
the  study  organisms.  Since  a  major  objective  of  this  study  was  to  examine  the 
relationship  between  effect  and  tissue  concentration,  only  these  131  papers 
were  reviewed  in  detail  for  this  report. 
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PART  II:  APPROACH 


6.  Tiie  open  literature  was  searched  for  papers  dealing  with  the  sub- 
lethal  effects  of  environmental  pollutants  on  aquatic  organisms.  Papers  deal¬ 
ing  with  organisms  other  than  macroinvertebrates  and  fish  were  not  considered 
because  they  are  not  generally  used  in  the  regulatory  toxicity  and  bioaccumu¬ 
lation  tests.  Since  one  objective  of  this  review  was  to  examine  the  relation¬ 
ship  between  bioaccumulation  and  effect,  papers  that  did  not  report  tissue 
concentrations  in  conjunction  with  biological  effects  measurements  were  not 
reviewed  for  inclusion  in  this  report.  Literature  published  before  the  mid- 
to  late  1970s  was  generally  of  minimal  value  since  prior  to  that  time  emphasis 
was  primarily  on  the  biological  effects  measurements.  Investigators  at  that 
time  occasionally  reported  exposure  concentrations  but  only  rarely  measured 
tissue  concentrations.  Since  that  time,  an  increasing  number  of  papers  have 
included  analytical  data  in  conjunction  with  effects  measurements. 

7.  For  every  paper  that  was  reviewed,  the  following  information  was 

recorded:  contaminant,  test  animal,  exposure  time,  exposure  concentrations, 

resultant  tissue  concentration,  and  corresponding  biological  effect.  The  test 
animal  was  identified  by  a  scientific  or  a  common  name.  Tissue  concentrations 
were  all  expressed  on  a  wet-weight  basis.  If  the  original  citation  reported 
tissue  concentrations  on  a  dry-weight  basis,  they  were  converted  to  wet  weight 
using  the  value  of  80  percent  body  water  (Emerson  1969,  Tucker  and  Harrison 
1974,  Florey  1966,  Lagler  et  al.  1962).  While  the  body  water  percentage  of 
different  animals  can  differ  from  this  representative  value  of  80  percent,  the 
quantitative  variance  due  to  interspecific  differences  is  much  less  than  that 
due  to  expressing  tissue  concentrations  on  both  a  wet  and  dry  basis  because 
the  majority  of  animals  were  exposed  to  a  pollutant  in  aqueous  solution.  Ex¬ 
posure  concentrations  were  all  given  in  micrograms  per  liter  (parts  per  bil¬ 
lion)  unless  noted  othervise. 

8.  There  were  nine  general  categories  of  sublethal  biological  responses 
in  the  reviewed  literature.  These  were  the  organismic  response  parameters  of 
growth,  reproduction,  morphology/histology,  behavior,  metabolism,  and  osmotic/ 
ionic  regulation  and  the  biochemical  response  parameters  of  enzymes,  bio¬ 
chemical  composition,  and  blood  chemistry.  All  citations  were  initially 
grouped  according  to  similar  sublethal  response  parameters.  Those  reports 
that  examine  more  than  one  category  of  sublethal  response  were  included  in 
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each  of  the  appropriate  categories.  Citations  grouped  under  the  same  category 
of  biological  response  were  then  segregated  according  to  the  class  of  contami¬ 
nant  to  which  the  animal  was  exposed.  Those  involving  heavy  metals  appear 
first,  chlorinated  hydrocarbons  second,  and  petroleum  hydrocarbons  last. 

9.  All  citations  were  examined  for  the  highest  tissue  concentration  at 
which  ro  biological  effect  was  observed  as  well  as  for  the  lowest  tissue  con¬ 
centration  at  which  an  effect  was  observed.  These  values  are  referred  to  as 
the  Highest  No  Effects  Concentration  (HNEC)  and  the  Lowest  Effects  Concen¬ 
tration  (LEC).  Some  papers  reported  a  dose-response  and  therefore  contained 
both  a  HNEC  and  a  LEC  value.  All  other  papers  had  only  one  or  the  other  de¬ 
pending  on  whether  or  not  a  significant  response  was  detected. 

10.  The  HNEC  and  LEC  values  were  initially  used  to  compare  the  three 
classes  of  contaminants  regardless  of  biological  effect.  The  second  compari¬ 
son,  using  only  the  LEC,  evaluated  the  relative  sensitivity  of  the  different 
sublethal  biological  responses.  Papers  that  reported  contaminant  concentra¬ 
tions  in  specific  tissues  or  organs  rather  than  in  the  whole  animal  were  not 
included  in  either  of  these  two  comparisons. 

11.  The  HNEC  and  LEC  values  were  extremely  variable,  as  will  be  dis¬ 
cussed  later.  For  that  reason,  descriptive  statistics  (mean,  standard  devia¬ 
tion,  etc.)  were  calculated,  but  statistical  comparison  of  the  data  was  not 
attempted.  However,  a  qualitative  trend  assessment  of  the  different  sub- 
lethal  responses  was  made.  This  assessment  was  based  on  the  potential  use¬ 
fulness  of  these  biological  responses  as  regulatory  tools  to  aid  in  the 
interpretation  of  the  bioaccumulation  data  required  by  law. 
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PART  III:  RESULTS  /ND  ANALYSIS 


Results 

12.  The  citations  were  initially  segregated  on  the  basis  of  the  type 
of  sublethal  response  examined  and  are  shown  in  Tables  1-9.  Tables  1-6  list 
those  citations  that  examined  the  organismic  responses  of  growth,  reproduction 
morphology/histology,  behavior,  metabolism,  and  osmotic/ionic  regulation,  re¬ 
spectively.  Tables  7-9  list  those  citations  that  examined  the  biochemical  re¬ 
sponses  of  enzymes,  biochemical  composition,  and  blood  chemistry,  respectively 
(Note:  Tables  1-9  fulfill  the  third  objective  of  this  study,  which  was  to 
provide  an  initial  source  of  literature  for  those  who  have  site-specific 
concerns . ) 

13.  The  six  types  of  organismic  responses  represented  the  majority 

(75  percent)  of  table  entries  while  biochemical  responses  were  only  25  percent 
of  the  total  (Table  10) .  Growth  was  the  most  frequently  examined  biological 
response  (22  percer.c)  followed  by  reproduction,  morphology/histology,  and 
behavior  at  15,  15,  and  11  percent  of  the  total,  respectively.  The  use  of 
enzymes  as  an  indicator  of  biological  effect  was  he  most  common  biochemical 
response  examined  (10  percent).  The  remaining  organismic  (c.ef  abolism  and 
osmotic/ ionic  regulation)  and  biochemical  (biochemical  composition  and  blood 
chemistry)  responses  each  represented  less  than  9  percent  of  the  total  table 
entries . 

14.  There  were  three  major  classes  of  contaminants  in  the  reviewed 

literature:  heavy  metals,  chlorinated  hydrocarbons,  and  petroleum  hydrocar¬ 

bons.  The  frequency  of  the  types  of  contaminants  mentioned  in  the  literature 
is  shown  in  the  following  tabulation.  Heavy  metals  were  studied  in  a  majority 
of  the  papers  (53  percent)  followed  by  chlorinated  and  petroleum  hydrocarbons, 
at  30  percent  and  15  percent  of  the  total,  respectively.  Cadmium  was  the  most 


Contaminant 

Frequency 

Heavy 

Metals 

Cadmium 

Mercury 

Chlorinated 

Hydrocarbons 

PCBs 

Petroleum 

Hydrocarbons 

Other 

Number  of 
entries 

65 

25 

24 

37 

20 

19 

3 

Percent  of 
total 

53 

20 

19 

30 

16 

15 

2 

commonly  examined  heavy  metal  (20  percent)  while  polychlorinated  biphenyls 
(PCBs)  were  the  most  frequently  studied  ch'orinated  hydrocarbon  (16  percent). 
No  one  particular  type  of  petroleum  hydrocarbon  dominated  this  class  of  con¬ 
taminant.  Three  papers  dealt  with  pollutants  that  did  net  belong  to  any  of 
these  three  major  classes  of  contaminants  (Goodman  et  al.  1979,  Spehar  et  al. 
1983,  Wells  and  Cowan  1982). 

15.  The  KNEC  and  LEC  for  all  the  entries  were  first  grouped  according 
to  the  type  of  contaminant  re gardles r-  of  the  sub  lethal  response.  Both  HNEC 
and  LEC  are  extremely  variable  regardless  of  pollutant  (Table  11).  This  vari¬ 
ability  is  seen  both  in  the  range  of  tissue  concentrations  and  in  the  coef¬ 
ficients  of  variation,  which  range  from  about  85  to  260  percent.  There  was  a 
slight  reduction  in  this  variability  when  the  most  commonly  examined  contami¬ 
nants  (i.e.,  cadmium,  mercury,  and  PCB)  were  considered  individually.  Further 
attempts  to  reduce  this  high  variability  by  considering  more  specific  group¬ 
ings  (e.g.,  cadmium  and  arthropods)  were  impractical  due  to  the  limited  number 
of  papers.  This  degree  of  variability  in  tissue  concentrations  makes  statis¬ 
tical  comparisons  of  little  use  and  therefore  limits  the  interpretation  of  the 
results . 

16.  The  mean  HNEC  and  mean  LEC  for  animals  exposed  to  petroleum  hydro¬ 
carbons  were  greater  (117-127  Mg/g)  than  for  those  exposed  to  metals  (31.0- 

43.5  Mg/g).  which,  in  turn,  were  slightly  higher  than  for  those  exposed  to 
chlorinated  hydrocarbons  (14.4-16.4  Mg/g)  (Table  11).  This  implies  that  when 
a  range  of  sublethal  parameters  is  considered,  chlorinated  hydrocarbons  are 
somewhat  more  toxic  than  heavy  metals  which  are  more  toxic  than  petroleum 
hydroca  rbons . 

17.  The  relative  sensitivity  of  the  various  sublethal  responses  to  all 
contaminants  was  evaluated  by  comparing  the  mean  LEC  within  each  category  of 
response  (Table  12).  Tissue  concentrations  again  showed  high  variability,  as 
indicated  by  the  very  large  range  of  values  for  each  response  and  the  coeffi¬ 
cients  of  variation,  which  ranged  from  about  80  to  280  percent.  Papers  that 
evaluated  morphological  and  histological  characteristics  of  contaminated 
organisms  had  a  very  low  mean  LEC  value  (7.0  Mg/g)  relative  to  the  mean  value 
for  the  other  organismic  response  parameters,  which  ranged  from  26.0  to 

76.5  Mg/g-  This  indicates  that  morphulogical  and  histological  observations 
may  be  sensitive  sublethal  evaluative  tools.  It  is  difficult  to  interpret  the 
importance  of  the  relatively  low  mean  LEC  for  osmotic/ionic  regulation 
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(26.0  pg/g)  since  the  sample  size  was  so  small  (n  =  3).  The  mean  LEC  value 
for  all  biochemical  response  parameters  (31.3  pg/g)  was  only  slightly  lower 
than  the  overall  mean  for  organismic  responses  (50.9  pg/g). 

18.  The  frequency  of  the  mode  of  exposure  reported  in  the  reviewed 
papers  is  shown  in  the  following  tabulation.  According  to  the  majority  of 


Mode  of  Exposure 
Field 


Frequency 

Water 

Food 

Collected 

Sediment 

Injection 

Number  of 
entries 

91 

19 

12 

9 

4 

Percent  of 
total 

67 

14 

9 

7 

3 

papers  reviewed  for  this  report  (67  percent),  aquatic  animals  were  exposed  to 
aqueous  solutions  of  pollutants.  Contaminated  food  was  the  second  most  fre¬ 
quent  mode  of  exposure  (14  percent).  In  9  percent  of  the  papers,  animals  were 
collected  from  naturally  contaminated  field  environments,  but  the  primary 
route  of  contamination  was  not  identified.  Exposure  tc  contaminated  sediments 
occurred  in  only  7  percent  of  the  papers  reviewed,  while  hypodermic  injection 
as  the  mode  of  contamination  occurred  in  3  percent  (four  papers)  of  the  total. 

Analysis 


Relationship  between 
bioaccumulation/bio logical  effects 

19.  One  objective  of  this  study  was  to  review  the  current  literature 
for  papers  describing  the  relationship  between  bioaccuaulation  and  biological 
effect,  i.e.,  the  point  at  which  specific  tissue  concentrations  in  aquatic 
animals  begin  to  have  an  ecologically  meaningful  effect.  There  were  rela¬ 
tively  too  few  reports  in  the  open  literature  that  contained  the  necessary 
data  to  examine  the  association  of  tissue  contamination  and  biological  effect. 
In  those  reports  that  did  contain  both  effects  and  bioaccumulation  data,  the 
variability  in  tissue  concentrations  was  so  great  that  specific  conclusions 
and  recommendations  could  not  be  made.  Moreover,  there  were  too  few  papers 
for  adequate  evaluation  of  the  relationship  between  specific  contaminants  and 
individual  groups  of  animals. 

20.  There  was  an  indication  that  the  biological  changes  associated  with 
petroleum  hydrocarbons  in  tissues  occurred  at  higher  tissue  concentrations 
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than  changes  associated  with  heavy  metals  or  chlorinated  hydrocarbons  in  the 
tissues.  Also,  aquatic  animals  appear  to  be  slightly  more  sensitive  to  chlor¬ 
inated  hydrocarbons  than  to  metals.  Similar  results  were  obtained  in  water 
quality  bioassays  in  which  chlorinated  hydrocarbons  were  toxic  in  the 
microgram-per-liter  range,  heavy  metals  in  the  milligram-  and  microgram-per- 
liter  range,  and  petroleum  hydrocarbons  in  the  milligram-per-liter  range 
(U.  S.  Environmental  Protection  Agency  1976). 

Indicators  of  biological 
consequences  of  bioaccumulation 

21.  The  second  major  objective  of  this  review  was  to  identify  those 
types  of  sublethal  response  parameters  that  appeared  to  be  promising  indi¬ 
cators  of  the  biological  consequences  of  bioaccumulation.  Tissue  concentra¬ 
tions  at  which  an  effect  was  first  observed  were  too  variable  to  make  any  quan¬ 
titative  assessment  among  the  different  categories  of  sublethal  response. 

22.  Some  qualitative  recommendations  can  be  made  based  on  their  intrin¬ 
sic  scientific  value  as  well  as  their  potential  use  by  the  regulatory  commu¬ 
nity.  The  latter  criterion  generally  refers  to  the  practicality  of  the  meth¬ 
odology  and  its  ecological  interpretability .  In  this  context,  potentially 
useful  biological  responses  are  those  that  can  be  determined  in  a  reasonable 
period  of  time.  This  criterion  is  important  since  the  Corps  of  Engineers  pro¬ 
cesses  many  permits  every  year  and  conducts  many  Federal  dredging  operations 
which,  while  not  requiring  a  permit,  must  still  comply  with  the  regulations  of 
the  Federal  Water  Pollution  Control  Act  and  the  Marine  Protecticn,  Research, 
and  Sanctuaries  Act.  Interpretation  of  the  biological  response  should  be  as 
unambiguous  as  possible  and  not  require  intensive  specialized  training  or 
expe  rtise . 

23.  There  is  another  criterion  for  potentially  useful  responses  that  is 
unique  to  the  evaluation  of  mixtures  of  pollutants.  Since  dredged  materials 
often  contain  a  range  of  different  contaminants  in  various  proportions,  any 
sublethal  parameter  used  to  evaluate  biological  effect  should  be  sensitive  not 
only  to  one  class  of  contaminants  but  also  to  the  general  health  and  well 
being  of  aquatic  organisms  that  have  accumulated  a  wide  variety  of  pollutants. 

24.  Growth .  In  all  the  papers  reviewed,  growth  was  the  most  frequently 
examined  biological  response  (22  percent).  This  is  probably  due,  in  part,  to 
the  fact  that  it  is  a  relatively  easy  measurement  to  make.  Growth  is  usually 
determined  by  measuring  either  a  change  in  mass  or  a  change  in  some  physical 


11 


dimension,  such  as  length,  after  a  period  of  exposure.  The  measure  of  growth 
integrates  many  facets  of  the  organism's  response  to  pollutant  exposure  and  is 
therefore  a  good  index  of  the  organism's  general  health  and  well  being.  It 
generally  cannot  specify  mechanistic  causes,  but  from  a  regulatory  standpoint 
this  may  not  be  necessary.  Laboratory  determinations  of  growth  can  be 
achieved  in  a  matter  of  days  to  weeks  depending  on  the  animal  and  the  exposure 
conditions . 

25.  The  use  of  growth  as  an  evaulative  technique  has  one  major  drawback 
that  is  common  to  almost  all  laboratory-derived  data--discriminating  between 
statistically  significant  differences  and  observations  that  are  ecologically 
meaningful.  A  well-designed  and  properly  performed  experiment  can  often  de¬ 
tect  small  yet  statistically  significant  differences  between  treatments.  It 
is  much  more  difficult  to  decide  what  constitutes  a  truly  ecologically  mean¬ 
ingful  difference.  This  is  hampered  by  our  lack  of  knowledge  of  how  altered 
growth  rates  determined  in  the  laboratory  relate  to  population  dynamics  in  the 
field.  It  is  unlikely  that  this  knowledge  will  be  available  in  the  immediate 
future,  and  until  it  is,  interpretation  of  the  results  of  growth  studies  will 
have  to  continue  to  be  based  on  the  best  available  data  and  accumulated 
scientific  judgment. 

26.  Reproduction.  Reproduction  was  the  second  most  frequently  examined 
sublethal  parameter  in  this  review  (15  percent).  Ecologically,  it  is  a  very 
important  index  because  if  a  species  does  not  successfully  reproduce,  it  will 
eventually  become  extinct.  What  constitutes  an  ecologically  important  impair¬ 
ment  in  reproductive  capability  is  again  often  a  difficult  judgment  to  make. 
Nevertheless,  this  response  has  less  ambiguity  associated  with  its  interpreta¬ 
tion  than  most  other  sublethal  responses.  Reproductive  studies  are  also 
valuable  because  they  often  deal  with  early  life  stages  of  aquatic  organisms 
which  are  generally  believed  to  be  more  sensitive  to  a  variety  of  pollutants 
than  at  the  more  mature  stages.  Advances  in  culture  techniques  have  enabled 
multiple  life  cycles  to  be  completed  in  the  laboratory  in  a  matter  of  weeks  to 
months,  depending  on  the  organism.  Several  investigators  have  concluded  that 
reproductive  studies  probably  yield  more  valuable  insight  into  the  effects  of 
environmental  pollutants  than  any  other  one  approach  available  today  (Klapow 
and  Lewis  1979,  Sprague  1971,  Cairns  et  al.  1978,  Eagle  1981). 

27.  Mo rpho logy /histology.  The  morphology/histology  parameter  was  also 
frequently  examined  (15  percent)  in  the  papers  reviewed.  In  addition,  there 
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was  some  indication  that  it  is  more  sensitive  than  other  organismic  response 
parameters  (Table  12).  However,  this  category  of  response  was  found  to  suffer 
from  one  primary  disadvantage--a  lack  of  quantification.  Most  of  the  papers 
in  the  open  literature,  including  those  reviewed  here,  report  observations 
such  as  hemorrhaging,  spinal  deformities,  emaciated  and  necrotic  tissues,  hy¬ 
perplasia,  loss  of  distinctive  histological  features,  fibrosis,  etc.  These 
observations  were  not  normally  quantified,  and  they  were  often  made  secondary 
to  some  other  response  parameter  that  the  investigator  was  initially  inter¬ 
ested  in.  These  secondary  morphological  and  histological  observations  are 
often  helpful  in  explaining  results  obtained  with  other  parameters  but  have, 
by  themselves,  little  interpretive  value  when  examining  the  relationship 
between  effect  and  bioaccumulation. 

28.  These  observations  suffer  another  disadvantage--a  lack  of  defini¬ 
tion  for  normal  histology  and  cell  morphology.  This  is  due,  in  part,  to  a 
lack  of  precise  quantification  but  is  more  directly  related  to  our  general 
lack  of  baseline  information  in  this  field  of  aquatic  biology.  Finally,  an 
experienced  person  is  required  to  properly  prepare  a  usable  histological  sam¬ 
ple  and  to  interpret  what  is  being  observed.  For  these  reasons,  it  appears 
that  for  the  immediate  future  morphological  and  histological  observations  do 
not  hold  high  potential  as  a  regulatory  method  for  evaluating  dredged  material. 

29.  Behavior .  This  parameter  also  has  many  of  the  disadvantages  as¬ 
sociated  with  morphological  and  histological  observations  just  discussed. 

Lack  of  a  quantifiable  response  is  the  major  drawback.  Aberrant  behavior  re¬ 
ported  in  the  papers  reviewed  was  often  reported  secondary  to  other  parameters 
under  consideration.  Behavioral  observations  can  generally  be  divided  into 
avoidance  responses  and  altered  normal  behavior  following  pollutant  exposure. 
These  changes,  while  not  usually  immediately  lethal,  may  eventually  reduce  the 
organism's  survival  potential.  Observations  of  behavior,  in  response  to  pol¬ 
lutant  contamination,  will  increase  in  value  if  more  studies  can  be  designed 
specifically  to  evaluate  behavior  in  response  to  pollutant  contamination.  A 
useful  conceptual  framework  for  the  experimental  approach  of  such  studies  has 
been  outlined  by  011a  et  al.  (1980). 

30.  Metabolism.  Almost  all  the  papers  reviewed  that  examined  the 
metabolism  of  exposed  aquatic  animals  (9  percent)  measured  the  consumption  of 
oxygen  over  time.  In  those  papers,  there  was  no  consistent  trend  of  increas¬ 
ing  or  decreasing  oxygen  consumption  associated  with  tissue  contamination. 
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This  was  not  too  surprising  since  this  parameter  is  normally  quite  variable 
and  is  affected  by  a  variety  of  endogenous  and  external  factors  as  well  as 
pollutants  (Newell  1970,  Prosser  1973).  This  variability  in  oxygen  consump¬ 
tion  has  been  cited  as  the  major  obstacle  in  its  use  as  a  regulatory  tool 
(Bayne  et  al.  1980,  Dillon  and  Lynch  1981). 

31.  Oxygen  consumption  can  be  of  greater  value  when  measured  in  con¬ 
junction  with  other  elements  of  metabolism.  The  best  example  of  its  use  in 
this  manner  is  in  scope  for  growth  measurements  (Bayne  1975,  Bayne  and  Widdows 
1978,  Widdows  1978).  A  determination  of  scope  for  growth  involves  measuring 
various  components  of  metabolism  such  as  feeding  rate,  ingestion  efficiency, 
and  excretion  rate,  as  well  as  oxygen  consumption.  The  components  are  all  ex¬ 
pressed  on  a  caloric  basis,  which  allows  an  instantaneous  energy  budget  to  be 
calculated.  This  calculation  reveals  whether  the  animal  has  a  surplus  of 
energy  (positive  scope  for  growth)  or  a  deficit  (negative  scope  for  growth). 

If  the  latter  condition  persists,  the  animal  may  die  or  undergo  a  reduction  in 
reproductive  effort.  Scope  for  growth  measurements  have  been  correlated  vith 
more  traditional  physiological  indices  such  as  growth  and  reproduction  (Bayne 
et  al.  1978,  Bayne  and  Vorral  1980).  The  laboratory  measurements  needed  to 
calculate  scope  for  growth  require  only  24  to  48  hr.  For  these  reasons,  scope 
for  growth  appears  to  hold  promise  for  regulatory  applications.  However, 
there  is  one  distinct  limitation  that  prevents  its  widespread  immediate  use. 
Scope  for  growth  determinations  have  been  performed  almost  exclusively  on 
marine  mussels.  Before  it  can  be  more  widely  applied,  the  methodology  must 

be  developed  with  a  broader  range  of  aquatic  animals. 

32.  Osmotic/ionic  regulation.  Osmotic  and  ionic  regulation  in  aquatic 
animals  involves  the  maintenance  of  proper  water  balance  and  solute  concentra¬ 
tions  in  the  body  tissues.  There  are  great  interspecific  differences  in  the 
ability  of  fresh  and  salt  water  animals  to  osmoregulate  (Prosser  1973).  Con¬ 
sequently,  before  the  association  of  this  sublethal  parameter  with  tissue  con¬ 
tamination  can  be  evaluated,  the  test  species'  osmoregulatory  capability  must 
first  be  determined.  In  the  regulatory  evaluation  of  dredged  material,  this 
collection  of  baseline  information  is  often  logistically  and  financially  im¬ 
practical.  Even  if  the  information  on  normal  solute  concentrations  and  their 
flux  rates  can  be  obtained  from  the  literature,  it  is  unclear  what  magnitude 
of  deviations  from  steady-state  levels  (other  than  those  causing  death)  are 
truly  harmful  to  the  organism.  Finally,  measuring  osmoregulatory  parameters, 
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such  as  total  osmotic  pressure  and  the  flux  rate  of  osmotically  active  organic 
and  inorganic  solutes,  is  beyond  the  normal  capabilities  of  many  laboratories. 
All  of  these  disadvantages  make  this  category  of  response  a  less  attractive 
regulatory  tool  and  may  explain  why  it  was  utilized  so  infrequently  (3  per¬ 
cent)  in  the  papers  reviewed  in  this  report.  These  disadvantages  have  also 
been  reported  in  the  evaluation  of  different  types  of  physiological  responses 
for  use  in  pollution  monitoring  programs  (Bayne  et  al.  1980). 

33.  There  is  some  evidence  in  the  literature  which  indicates  that  one 
specific  aspect  of  ionic  regulation  may  be  affected  when  aquatic  organisms  are 
exposed  to  substances  containing  chlorine.  Roesijadi  et  al.  (1979)  and  Laird 
and  Roberts  (1980)  reported  a  disruption  in  the  regulation  of  magnesium  in 
marine  crabs  exposed  to  chlorinated  seawater.  The  exposed  crabs  had  abnorm¬ 
ally  high  blood  levels  of  magnesium  that  were  positively  related  to  exposure 
concentration.  Caldwell  (1974)  also  found  elevated  serum  magnesium  levels  in 
marine  crabs  exposed  to  methoxychlor .  Magnesium  has  a  direct  effect  on  nerve 
impulse  transmission  rates,  and  elevated  levels  can  result  in  sluggish  be¬ 
havior  and  paralysis.  These  behavioral  changes  were  observed  in  two  of  the 
above  reports  (Caldwell  1974,  Roesijadi  et  al.  1979).  Coupled  observations 

of  behavior  and  magnesium  regulation  may  be  useful  in  situations  where  a 
chlorinated  pollutant  is  of  major  concern. 

34.  Enzymes .  Enzymes  constitute  a  class  of  biological  molecules  (pro¬ 
teins)  that  are  essential  to  all  organisms.  They  act  as  catalysts,  reducing 
themodynaraic  thresholds  so  that  biochemical  reactions  can  occur  at  a  rate 
that  permits  life  to  exist.  In  spite  of  th<»  tremendous  diversity  of  living 
organisms,  enzymes  and  the  biochemical  pathways  they  catalyze  are  remarkably 
similar.  This  interspecific  similarity  and  the  fact  that  enzymes  are  es¬ 
sential  to  all  life  theoretically  makes  them  very  appealing  indicators  of 
pollutant  contamination. 

35.  However,  enzyme  systems  are  extremely  dynamic  in  aquatic  organisms 
with  both  rate  functions  and  concentrations  of  enzymes  varying  in  response  to 
the  needs  of  the  animal  as  well  as  to  changes  in  the  external  environment. 
There  are  feedback  control  mechanisms  that  function  to  stabilize  individual 
pathways  and  the  interaction  among  pathways,  thus  preventing  the  excessive  ac¬ 
cumulation  or  depletion  of  organic  substrates.  Consequently,  when  a  change  in 
a  single  enzyme  is  observed  in  response  to  pollutant  contamination,  it  is 
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often  difficult  to  assess  what  effect  this  change  will  have  on  the  overall 
biochemistry  of  the  organism. 

36.  There  is  one  specific  group  of  enzymes  that  shows  some  promise  as 
an  effective  monitoring  tool.  These  enzymes  are  found  in  lysosomes,  the 
intracellular  organelles  found  in  all  eucaryotic  animals.  They  contain  a  wide 
variety  of  hydrolytic  enzymes  capable  of  breaking  down  most  known  biomolecules 
(Dingle  1973).  One  of  their  functions  is  the  controlled  degradation  of  cel¬ 
lular  components  and  tissues,  which  occurs  continuously  in  all  animals. 

37.  Exposure  to  environmental  contaminants  can  alter  the  permeability 
of  lysosomal  membranes  resulting  in  the  uncontrolled  release  of  their  hy¬ 
drolytic  enzymes.  If  contaminant  exposure  is  severe  enough  or  of  sufficient 
duration,  extensive  tissue  necrosis  and  eventually  death  of  the  organism  may 
result.  A  reduction  in  lysosomal  membrane  stability  followed  by  the  release 
of  hydrolytic  enzymes  has  been  documented  in  aquatic  animals  exposed  to  heavy 
metals  as  well  as  chlorinated  and  petroleum  hydrocarbons  (Harrison  and  Berger 
1982,  Moore  1979,  Rogers  et  al.  1976,  Viarengo  et  al.  1981b)!  In  one  instance, 
a  decrease  in  permeability  and  subsequent  release  of  enzymes  has  been  cor¬ 
related  with  a  decrease  in  the  general  health  of  oil-exposed  marine  mussels 
(Widdows  et  al.  1982,  Table  7). 

38.  The  fact  that  lysosome  membrane  stability  appears  sensitive  to  a 
wide  variety  of  contaminants  makes  it  an  attractive  monitoring  tool.  How¬ 
ever,  the  present  methodology  requires  a  fairly  sophisticated  histochemical 
technique.  Also,  since  mcst  work  to  date  has  been  performed  on  marine  mus¬ 
sels,  the  dynamics  of  the  lysosomal  system  need  to  be  examined  in  a  greater 
number  of  aquatic  organisms  before  it  can  be  used  in  an  applied  regulatory 
situation. 

39.  Biochemical  composition.  Citations  that  were  placed  in  the  bio¬ 
chemical  composition  category  reflected  a  wide  range  of  types  of  measurements. 
Consequently,  generalities  about  their  overall  usefulness  were  difficult  to 
make.  They  did  share  one  common  disadvantage  that  is  inherent  in  many  bio¬ 
chemical  measurements — the  difficulty  of  relating  changes  in  one  specific  bio¬ 
chemical  parameter  to  a  change  in  the  general  health  of  the  individual.  There 
was,  however,  one  type  of  response  listed  in  this  category  which  merits 
further  discussion. 

40.  Adenylate  energy  charge  (AEC)  is  the  molar  ratio  of  intracellular 
adenylates  and  is  calculated  by  the  following  equation  (Atkinson  1971): 
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ATP  +  1/2  ADP 
ATP  +  ADP  +  AMP 


Adenylates,  primarily  ATP,  are  used  as  an  energy  source  in  the  cells  of 
organisms.  Enzyme-catalyzed  biochemical  reactions  may  be  generally  classified 
as  those  requiring  energy  (ATP)  and  those  producing  energy.  Because  both 
types  of  reactions  are  occurring  at  the  same  time,  the  cell  must  constantly 
balance  ATP  utilization  with  its  production.  The  A£C  is  a  measure  of  this 
balance . 

41.  It  has  been  argued  that  AEC  is  an  effective  index  with  which  to 
assess  the  sublethal  effects  of  pollutants  (Ivanovici  1980,  Ivanovici  and 
Wiebe  1981).  It  measures  the  general  energy  balance  of  living  organisms  and 
therefore  reflects  the  animal's  integrated  response  to  environmental  pertur¬ 
bations.  It  has  the  potential  for  wide  application  and  interspecific  com¬ 
parisons  because  it  measures  something  common  to  all  animals  (relative 
adenylate  concentrations). 

42.  AEC  values  greater  than  0.8  are  believed  to  represent  good  health, 
while  values  less  than  about  0.7  are  considered  indicative  of  deteriorating 
health.  This  quantitative  response  in  relation  to  biological  health  is  very 
attractive  from  a  regulatory  point  of  view.  However,  these  values  have  been 
established  primarily  from  studies  with  microorganisms  and  mammalian  tissue 
culture  (Atkinson  1971).  AEC  values  for  aquatic  organisms  appear  to  be  much 
less  conservative  in  that  they  vary  appreciably  from  tissue  to  tissue  and 
often  do  net  correlate  with  other,  more  traditional  physiological  measure¬ 
ments  (Bakke  and  Skjoldal  1979,  Ellington  1981,  Giesy  and  Dickson  1981,  Romano 
and  Daumas  1981). 

43.  The  experimental  expertise  required  to  obtain  accurate  AEC  values 
is  substantial  because  minor  changes  in  the  way  an  organism  is  maintained  or 
handled  can  dramatically  affect  the  resultant  adenylate  concentrations.  In 
addition,  there  is  still  considerable  debate  as  to  how  different  tissues 
should  be  extracted,  stored,  and  analyzed  (Karl  and  Holm-Hansen  1978, 
Mendelssohn  and  McKee  1981,  Wadley  et  al.  1980).  One  last  disadvantage  to 
this  parameter  is  that  relatively  few  studies  have  examined  AEC  in  aquatic 
animals  exposed  to  environmental  pollutants. 

44.  Blood  chemistry.  In  both  mammalian  physiology  and  human  medicine, 
chemical  characteristics  of  the  blood  provide  an  extremely  accurate  insight 
into  the  physiological  health  of  the  whole  organism.  These  parameters  are 
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useful  because  in  the  above  fields  of  study  they  have  a  known  predictive  value 
with  relatively  small  deviations  from  normal  values  reflecting  a  potential 
pathological  condition.  The  predictive  value  of  these  blood  parameters 
reflects  the  fact  that  mammals  tend  to  maintain  a  homeostatic  or  constant  in¬ 
ternal  environment.  Fish  and  aquatic  invertebrates,  on  the  other  hand,  do  not 
normally  maintain  a  strict  internal  steady  state.  Rather,  when  changes  in  the 
external  environment  occur,  their  physiological  systems  respond  within  the 
organism's  individual  capability  but  do  not  necessarily  maintain  homeostasis 
(Mangum  and  Towle  1977).  Consequently,  relatively  large  variations  in  blood 
parameters  of  aquatic  animals  are  not  uncommon  and  reflect  normal  changes  in 
the  organism's  internal  physiology.  This  variability  greatly  reduces  the 
value  of  blood  chemistry  parameters  and  makes  associations  of  changes  with 
tissue  contaminant  levels  difficult  to  detect. 

45.  Biological  organization.  It  may  be  useful  to  discuss  the  different 
levels  of  biological  organization  as  they  relate  to  the  preceding  discussions 
on  different  sublethal  response  parameters.  There  are  four  general  levels  of 
biological  organization--biochemica 1 ,  organismic,  population,  and  community 
(Capuzzo  1981).  It  is  a  generally  held  belief  that  when  an  jffect  is  observed 
at  one  level  of  biological  organization,  the  mechanistic  explanation  is  found 
at  the  level  below  and  the  environmental  implication  at  the  level  above 
(Sprague  1971).  From  an  ecological  perspective,  only  effects  at  the  popula¬ 
tion  and  community  level  are  of  any  importance.  However,  current  regulatory 
testing  is  generally  conducted  at  the  organismic  level. 

46.  Studies  that  examine  populations  and  communities  vary  greatly,  but 
all  examine  one  or  two  things--structure  and/or  function.  The  former  refers 
to  species  richness  and  diversity  while  the  latter  refers  to  parameters  such 
as  energy  flow,  nutrient  cycling,  predation,  competition,  and  other  biological 
interactions.  These  types  of  studies  have  provided  good  insight  into  how 
populations  and  communities  react  both  to  natural  and  man-induced  perturba¬ 
tions.  They  have  also  demonstrated  that  populations  and  communities  are  ex¬ 
tremely  complex  and  dynamic  systems.  These  characteristics  have  generally 
made  it  very  difficult  to  differentiate  the  effects  of  pollution-related 
perturbations  from  natural  variations.  It  is  usually  not  until  populations 
and  communities  are  in  the  latter  stages  of  degradation  that  pollution- 
related  effects  can  be  clearly  demonstrated.  A  more  sensitive  means  of  early 
detection  prior  to  wholesale  degradation  is  therefore  highly  desirable. 
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47.  Biochemical  parameters  are  theoretically  the  most  sensitive  level 
of  biological  organization  at  which  pollutant-induced  changes  may  be  detected. 
It  is  believed  that  most  environmental  perturbations  initially  impact  biochemi¬ 
cal  processes  (Rosenthal  and  Alderdice  1976).  It  is  this  sensitivity  plus  the 
fact  that  biochemical  determinations  often  require  substantially  less  time  to 
perform  than  population/community  studies  that  make  biochemical  indices  very 
attractive  evaluative  tools.  However,  biochemical  studies  all  suffer  one 
major  disadvantage:  it  is  exceedingly  difficult  to  relate  a  change  in  some 
biochemical  parameter  to  the  whole  organism,  much  less  to  a  population  or  com¬ 
munity.  I  am  unaware  of  any  study  that  has  demonstrated  this  causal  relation 
in  a  quantitative  fashion. 

48.  Investigations  at  the  organismic  level  of  organization  appear  to  be 
a  reasonable  compromise  between  the  advantages  and  disadvantages  of  biochemi¬ 
cal  and  population/community  studies.  MacMahon  et  al.  (1978)  and  MacIntyre 

et  al.  (1978)  have  convincingly  argued  the  advantages  of  evaluating  the 
effects  of  environmental  perturbations  at  the  organismic  level  of  biological 
organization.  This  approach  offers  greater  sensitivity  and  generally  requires 
less  effort  than  population/community  studies.  It  is  also  more  readily  inter¬ 
preted  in  terms  of  potential  ecological  effect  than  biochemical  studies.  In 
addition,  organismic  investigations  can  probably  be  performed  by  a  greater 
number  of  facilities  than  either  biochemical  or  population/community  studies. 
These  advantages,  however,  are  contingent  on  the  specific  types  of  sublethal 
response  that  is  selected  for  study.  For  the  reasons  given  earlier,  reproduc¬ 
tion,  growth,  and  some  measure  of  general  metabolism,  such  as  scope  for 
growth,  appear  to  be  the  more  promising  organismic  response  parameters  with 
which  to  evaluate  the  relationship  between  biological  effects  and  tissue  con¬ 
tamination.  Similar  recommendations  have  been  made  in  reviews  of  sublethal 
effects  of  pollutants  on  aquatic  organisms  (Anderson  1977,  Bayne  et  al.  1980, 
Dillon  and  Lynch  1981,  MacIntyre  et  al.  1978,  Sprague  1971). 

49.  Metallothioneins .  One  objective  of  this  review  was  to  evaluate  the 
relationship  between  tissue  concentrations  and  biological  effect  in  aquatic 
organisms.  There  is  a  specific  biochemical  process  that  may  substantially  in¬ 
fluence  this  relationship.  Vertebrates  are  known  to  synthesize  intracellu- 
larly  low  molecular  weight  proteins  called  metallothioneins  in  response  to 
heavy  metal  contamination  (Kojima  and  Kagi  1978).  Because  of  the  high  sulphur 
content  of  these  proteins,  they  readily  bind  heavy  metals,  thereby  reducing 
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their  potential  toxic  effects.  If  the  production  and  chelating  properties  of 
these  proteins  are  exceeded  by  the  total  metal  body  burden,  the  excess  metals 
spillover  into  the  cytosol  and  exert  their  toxic  effects  on  intracellular 
enzymes  and  membranes. 

50.  MetalJ othionein-like  proteins  have  recently  been  discovered  in 
aquatic  invertebrates  (see  Roesijadi  1981  for  review;.  They  appear  to  func¬ 
tion  in  the  same  way  as  vertebrate  metallothionein-like  proteins  and  are  now 
believed  to  explain  the  observation  that  aquatic  animals  often  exhibit  en¬ 
hanced  heavy  metal  tolerance  following  exposure  to  sublethal  concentrations 
(Pruell  and  Engelhardt  1980,  Roesijadi  et  al.  1982).  The  spillover  phenome¬ 
non,  first  documented  in  vertebrates,  has  been  examined  in  only  a  few  aquatic 
organisms  (Brown  and  Parson  1978;  Roesijadi  1981).  The  production  of 
metallothionein-like  proteins  has  been  correlated  with  the  initiation  of 
tissue  repair  and  regeneration  in  a  marine  organism  contaminated  with  copper 
(Young  and  Roesijadi  1983). 

51.  The  vast  majority  of  papers  in  the  literature  do  not  discriminate 
between  free  metals  and  those  bound  to  protective  metallothionein-like  pro¬ 
teins.  This  may  be  quantitatively  important  since  metals  bound  to 
metallothionein-like  proteins  can  represent  40  to  60  percent  of  the  total  body 
burden  (Brown  and  Parsons  1978,  Olson  et  al.  1978,  Pruell  and  Engelhardt  1980; 
Roesijadi  et  al.  1982).  If  metallothionein-like  proteins  and  the  spillover 
phenomenon  are  common  occurrences  in  aquatic  invertebrates,  the  analysis  of 
subcellular  distributions  of  metals  may  become  a  necessity  if  associations  be¬ 
tween  body  burden  and  biological  effect  are  to  be  made  accurately. 
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PART  IV:  SUMMARY  AND  CONCLUSIONS 


52.  The  first  objective  of  this  review  was  to  gain  an  insight  into  the 
relationship  between  bioaccumulation  and  subsequent  biological  effect  in 
aquatic  organisms.  In  the  literature  initially  examined  for  this  report,  only 
about  6  percent  of  the  papers  contained  both  biological  effects  and  bioaccumu- 
lation  information.  In  those  papers,  the  tissue  concentrations  reported  were 
too  variable  to  make  any  recommendations  regarding  the  biological  consequences 
of  specific  tissue  concentrations. 

53.  The  second  objective  of  this  review  was  to  identify  sensitive  and 
potentially  useful  parameters  with  which  to  evaluate  the  consequences  of  bio¬ 
accumulation.  None  of  the  organismic  or  biochemical  response  parameters,  ex¬ 
cept  morphology/histology,  appeared  more  sensitive  than  did  any  other  based  on 
the  reported  lowest  tissue  concentrations  at  which  an  effect  was  first  ob¬ 
served.  The  response  parameters  of  growth,  reproduction,  and  some  measure  of 
metabolism,  such  as  scope  for  growth,  did  appear  to  hold  the  most  potential 
for  immediate  use  in  a  regulatory  situation. 

54.  Tables  1-9  contain  literature  sources  that  address  site-specific 
concerns  such  as  a  particular  organism  and  a  specific  class  of  contaminant, 
which  was  the  third  objective  of  this  review. 

55.  Based  on  the  reported  lowest  tissue  concentration  at  which  an  ef¬ 
fect  was  observed,  aquatic  animals  appear  to  be  more  sensitive  to  chlorinated 
hydrocarbons  than  to  petroleum  hydrocarbons  with  the  effects  of  heavy  metals 
being  intermediate. 

56.  A  majority  (67  percent)  of  the  papers  reviewed  for  this  report 
involved  the  study  of  pollutants  in  aqueous  solution.  Only  a  small  minority 
of  papers  (7  percent)  evaluated  biological  effects  after  exposure  to  contami¬ 
nated  sediments.  This  disproportion  of  papers  suggests  that  more  effort 
should  be  directed  at  evaluating  the  biological  effects  of  contaminated  sedi¬ 
ments  if  the  regulatory  responsibilities  of  the  Corps  of  Engineers  are  to  be 
addressed . 

57.  Studies  conducted  at  the  biochemical  level  of  organization  offer 
the  potential  advantage  of  greater  sensitivity  but  cannot  generally  be  related 
to  effects  on  populations  and  communities.  From  an  ecological  perspective, 
the  effects  on  populations  and  communities  are  of  concern.  However,  field 
studies  at  this  level  of  biological  organization  are  rarely  sensitive  enough 
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to  detect  the  early  or  subtle  effects  of  pollution.  Evaluation  of  the  effects 
of  environmental  contaminants  at  the  organismic  level  of  biological  organiza¬ 
tion  is  a  reasonable  compromise  in  sensitivity  and  ecological  interpretation. 
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Couch  and  Courtney  PCB  (Arocior  1254}  Shrimp  (M)  35  days  0.6-0. 7  2  (muscle)  Increased  occurrence  ot  the 

1977  21  (hepatopancrras)  pathogen  Hatulovirus 
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Data  originally  reported  on  a  dry-weight  basis  were  converted  to  wet  weight  assuming  80  percent  body  water. 
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r.n.ries  tor  exposure  concentration  are  in  units  of  micrograms  per  liter  (jjg/fi)  unless  noted  otherwise, 
f  Entries  for  tissue  concentration  are  in  units  of  micrograms  per  gram  (pg/g)  wet  weight  whole  animal  unless  noted  otherwise, 
tf  Data  originally  reported  on  a  dry-weight  basis  were  converted  to  wet  weight  assuming  80  percent  body  water.  (Sheet  1  of  3) 


Hansen  et  al.  1977a  Kepone  Sheepshead  28  days  0-1.9  0.26-11  Erratic  swimming  beha/u.r 

minnow  (M)  and  a  redmtion  in  1  ceding 

late  both  iiuicasrd  as  («>n 
cent  rat  ions  increased 


total  naptha lenes . 


total  naptha lr nes . 


*  Parenthetical  entries  after  name  of  organism  are  defined  as  follows:  (Fw)  =  Freshwater;  (M)  -  Marine. 

Entries  for  exposure  concentration  are  in  units  of  micrograms  per  liter  (pg/fi)  unless  noted  otherwise, 
t  Entries  for  tissue  concentration  are  in  units  of  micrograms  per  gram  (pg/g)  wet  weight  whole  animal  unless  noted  otherwise, 
tt  Data  originally  reported  on  a  dry-weight  basis  were  converted  to  wet  weight  assuming  30  percent  body  water. 

%  TN  =  total  naphtalenes. 
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Table  10 


Frequency  of  Type  of 

Biological  Response  Parameter 

Exam ineu 

in 

the  Reviewed  Papers 

Number 

Percent 

Bio  Log  leal  Res  Don se  Parameters 

of  Entries 

of  Total 

Organismic  parameters: 

Growth 

46 

22 

Reproduction 

33 

15 

Morphology/ his to logy 

32 

15 

Behavior 

24 

11 

Me  tabol ism 

20 

9 

Osmotic/ionic  regulation 

7 

3 

— 

— 

Subtotal 

160 

75 

Biochemical  parameters: 

Enzymes 

22 

10 

Biochemical  composition 

20 

9 

Blood  chemistry 

12 

6 

— 

— 

Subto  tal 

54 

25 

Total 

214 

100 

Table  11 

Highest  No  Effects  Concentration  (HNEC)  and  Lowest  Effects 
Concentration  (LEC)  Grouped  by  Class  of  Contaminent 


Concentration 

-  pg/g,  wet  weight 

Contaminant 

Value* 

HNEC 

LEC 

All  chlorinated 

X 

16.4 

14.4 

hydrocarbons 

±SD 

±27.0 

±36.8 

CV 

162% 

256% 

Range 

0.08-112 

0.02-180 

n 

45 

62 

Polychlorinated 

X 

35.8 

45.3 

biphenyls  only 

±SD 

±37.1 

±65.4 

CV 

104% 

144% 

Range 

0.08-110 

0.31-180 

n 

16 

15 

All  heavy  metals 

X 

31.0 

43.5 

±SD 

±62.0 

±100 

CV 

200% 

230% 

Range 

0.05-300 

0.005-450 

n 

52 

49 

Cadmium  only 

X 

38.2 

64.8 

±SD 

±66.0 

±139 

CV 

173% 

214% 

Range 

0.05-225 

0.005-450 

n 

22 

22 

Mercury  only 

X 

6.82 

21.6 

±SD 

±5.80 

±36.0 

CV 

85% 

167% 

Range 

2.7-16 

1.1-150 

n 

11 

16 

Petroleum 

X 

117 

127 

Hydrocarbons 

±SD 

±181 

±261 

CV 

155% 

206% 

Range 

5.26-700 

0.47-1000 

n 

16 

26 

*  Notations  used  in  this  column  are  defined  as  follows:_  x  =  mean;  SD  =  stan¬ 
dard  deviation;  CV  =  coefficient  of  variation  (100  SD/x);  n  =  number  of 
papers . 


Table  12 

Relative  Sensitivity  of  Biological  Responses  to  all  Contaminants  as 
Measured  by  the  Lowest  Effects  Concentration  (LEC) 


LEC, 

mr/r.  ' 

*’e  t 

Weight" 

Biological  Response  Parameters 

X 

tSD 

CV, 

% 

Range 

n 

Organismic  parameters: 

Growth 

66.9 

±187 

280 

0.07-450 

35 

Reproduction 

40.4 

±106 

262 

0.04-450 

20 

Morphology/histology 

7.0 

±12.3 

176 

0.11-50 

21 

Behavior 

69.3 

±164 

237 

0.02-280 

20 

Metabolism 

76.5 

±208 

272 

0.25-700 

11 

Osmotic/ionic  regulation 

26.0 

±21.7 

83, 

.5 

1.0-40.0 

3 

Total 

50.9 

±149 

290 

0.02-700 

110 

Biochemical  parameters: 

Enzymes 

26.1 

±31.7 

121 

3.0-83.8 

6 

Biochemical,  composition 

44.7 

±85.0 

190 

0.22-280 

11 

Blood  chemistry 

18.9 

±27.2 

144 

0.11-83.8 

10 

Total 

31.3 

±57.9 

185 

0.11-280 

27 

*  Notations  used  as  column  headings  are  as  follows:  x  =  mean;  SD  =  standard 
deviation;  CV  =  coefficient  of  variation  (100  SD/x);  n  =  number  of  papers. 


